Kondo-based semimetals and semiconductors are of extensive current interest as a viable platform for strongly correlated states. It is thus important to understand the routes towards such dilute-carrier correlated states. One established pathway is through Kondo effect in metallic non-magnetic analogues. Here we advance a new mechanism, through which Kondo-based semimetals develop out of conduction electrons with a low carrier-density in the presence of an even number of rare-earth sites. We demonstrate this effect by studying the Kondo material Yb 3 Ir 4 Ge 13 along with its closed-f-shell counterpart, Lu 3 Ir 4 Ge 13 . Through magnetotransport, optical conductivity and thermodynamic measurements, we establish that the correlated semimetallic state of Yb 3 Ir 4 Ge 13 below its Kondo temperature originates from the Kondo effect of a low carrier conduction-electron background. In addition, it displays fragile magnetism at very low temperatures, which, in turn, can be tuned to a non Fermi liquid regime through Lu-for-Yb substitution. These findings are connected with recent theoretical studies in simplified models. Our results open an entirely new venue to explore the strong correlation physics in a semimetallic environment.
Kondo-based semimetals and semiconductors are of extensive current interest as a viable platform for strongly correlated states. It is thus important to understand the routes towards such dilute-carrier correlated states. One established pathway is through Kondo effect in metallic non-magnetic analogues. Here we advance a new mechanism, through which Kondo-based semimetals develop out of conduction electrons with a low carrier-density in the presence of an even number of rare-earth sites. We demonstrate this effect by studying the Kondo material Yb 3 Ir 4 Ge 13 along with its closed-f-shell counterpart, Lu 3 Ir 4 Ge 13 . Through magnetotransport, optical conductivity and thermodynamic measurements, we establish that the correlated semimetallic state of Yb 3 Ir 4 Ge 13 below its Kondo temperature originates from the Kondo effect of a low carrier conduction-electron background. In addition, it displays fragile magnetism at very low temperatures, which, in turn, can be tuned to a non Fermi liquid regime through Lu-for-Yb substitution. These findings are connected with recent theoretical studies in simplified models. Our results open an entirely new venue to explore the strong correlation physics in a semimetallic environment.
The proximity of the f energy level to the Fermi energy E F in rare earth compounds often causes the hybridization of the local moments with the conduction electrons. The resulting Kondo effect gives rise to a broad range of electronic properties, from metallic heavy fermions (HFs) to Kondo insulators, and intermediate low-carrier Kondo semiconductors or semimetals. Kondo systems have garnered much attention in recent years because of their complex electronic and magnetic behavior, including quantum criticality, breakdown of the Fermi-liquid picture, unconventional superconductivity, and topologically-protected states [1] [2] [3] [4] . Only a small number of 4f low-carrier HF metals and semimetals or semiconductors have been reported so far, including CeNiSn and CeRhSb [5, 6] , CeNi 2−δ As 2 [7] , and Ce 3 Bi 4 Pd 3 [8] . These compounds have Kondo energy scales around 10 − 100 K, and thus embody the standing Noziéres exhaustion problem [9] : how could a few conduction electrons screen the many 4f moments? To shed light on such a puzzle, new low-carrier Kondo systems are called for.
In this paper, we report the low-carrier semimetallic behavior in Yb 3 Ir 4 Ge 13 (YbIG) and Lu 3 Ir 4 Ge 13 (LIG). The discovery of the six non-magnetic analogues Y 3 T 4 Ge 13−x (T = Ir, Rh, Os) and Lu 3 T 4 Ge 13−x (T = Co, Rh, Os) [10] pointed to a possible generalization of low carrier behavior in these "3-4-13" germanides versus the normal metal behavior in the stannide analogues [11] . Once Lu 3 Ir 4 Ge 13 was discovered (present study) and characterized, it became apparent that this nonmagnetic "3-4-13" had low carrier density, while the Yb system Yb 3 Ir 4 Ge 13 [12] was the only Kondo "3-4-13" germanide to display low carrier density. These observations prompted the need for understanding the origin of the new Kondo regime in the low carrier YbIG system, as revealed by detailed magnetotransport and optical measurements. In contrast with the other known low-carrier systems which show positive temperature coefficients of the electrical resistivity ρ(T ), i.e., dρ/dT > 0, YbIG exhibits dρ/dT < 0 in the whole measured temperature range from 300 to 0.1 K, including inside a fragile magnetic state below T * mag = 0.9 K. The underlying electronic properties of YbIG are dictated by its nonmagnetic analogue LIG, which, remarkably, also shows semimetal-like behavior between 300 and 2.8 K, below which LIG becomes superconducting. This is in stark contrast with the metallic behavior found in the nonmagnetic analogues of other known Kondo semimetals [13] [14] [15] [16] [17] . Optical conductivity measurements and band structure calculations reinforce the semimetal-like nature of YbIG and LIG. Moreover, the substitution of nonmagnetic Lu on the Yb site induces non-Fermi-liquid (nFL) behavior, as evidenced by the divergence of the magnetic susceptibility M/H and specific heat C p /T at low T . The coexistence of the low-carrier density, the Kondo effect and the associated semimetal behavior, fragile magnetism, and quantum fluctuations makes YbIG one of the most complex f electron systems. Yet, aided by the understanding that LIG itself is in the lowarXiv:1805.01918v1 [cond-mat.str-el] 4 May 2018 carrier regime, we are able to advance an understanding about YbIG within a recently developed framework of the Kondo-lattice effect in the dilute-carrier limit [18] . The growth of single crystals of YbIG and LIG is described in the Supplementary Information, with the room-temperature powder-diffraction pattern refinement results shown in Supplementary Figure S1 . The temperature-dependent magnetization M (T )/H for YbIG [12] is similar to many other 4f magnetic systems with comparable Kondo temperatures T K ≈ 3.5 K [19] : Curie-Weiss behavior is evidenced at high temperatures by a linear inverse susceptibility H/M , with a peak in M/H suggesting antiferromagnetic order below ∼ 1 K. However, other 4f magnetic systems are usually metallic, while the electrical resistivity ρ of YbIG (red symbols, Fig. 1(a) ) shows non-metallic behavior even at high temperatures (T T K ). This cannot be due to incoherent scattering of the conduction electrons by localized f moments, since non-magnetic LIG exhibits similar dρ/dT < 0 behavior (blue line, Fig. 1(a) ). Upon cooling below 50 K, ρ(T ) increases further, and a signature of the Kondo effect appears in YbIG as a broad peak centered around 40 K. In LIG a monotonic increase of ρ(T ) is observed down to 2.8 K, below which LIG becomes superconducting (Supplementary Figure S2) .
The low-carrier nature in YbIG and LIG is verified by temperature-dependent Hall coefficient data R H (T ), shown in Fig. 1 (b) and (c), respectively. The data for YbIG are shown down to 16 K (above T K ), below which the anomalous Hall effect dominates, while the data for LIG are shown down to 2 K. The Hall resistance ρ H (H) was measured at several temperatures and the obtained R H values (black stars in Fig. 1 (b) and (c)) are consistent with the R H (T ) data. A sign change of R H (T ) indicates a change in carrier type from electrons at high temperatures to holes at low temperatures for both systems. Upon further cooling below the zero crossing, the carrier density n in a single-band picture (n = 1/eR H ) decreases, consistent with the optical measurements shown in Fig. 2 . Surprisingly, at the lowest temperatures, the estimated n values for YbIG and LIG are comparable and lower than those of Kondo metals, n ≈ 3 × 10 21 cm −3 , corresponding to about 0.3 electrons per Yb 3+ for YbIG. In other Kondo semimetals, the formation of a narrow gap due to strong hybridization, identified by optical measurements, is considered to be the main cause of low-carrier density [20] . We would like to mention that a structural analog semimetal Y 3 Ir 4 Ge 13 also exhibits low carrier behavior with n ≈ 6.67 × 10 20 cm −3 at 50 K [21] . Such a gap feature, however, is not seen in our optical data (Fig. 2) . Overall, similar optical properties are registered for YbIG ( Fig. 2 (a) and (b)) and LIG ( Fig.  2 (c) and (d)), in both the optical reflectance R opt (ω) and the real part of the optical conductivity σ 1 (ω). Note that all data for YbIG are taken at T > T K . Both compounds show nominally metallic frequency dependence at all measured temperatures. R opt (ω) at low energy increases rapidly with decreasing frequency and approaches unity in the zero frequency limit. As a result, a reflectance edge, though overdamped, is seen in the measured R opt (ω) below 4000 cm −1 , and a Drude-like peak is seen at low frequency in the σ 1 (ω) spectra. For both compounds, the low-frequency reflectance R opt (ω) values decrease with decreasing temperature (Fig. 2 (a) and (c)), leading to a drop of the conductivity in the low-frequency regime. The temperature dependence of σ 1 (ω) for YbIG and LIG is consistent with a semimetallike evolution of the ρ(T ). A striking observation is that the reflectance edge is located at a rather low energy (ω = 3 − 4 × 10 3 cm −1 ) compared with ordinary metals, indicating that both compounds have very low plasma frequencies or carrier densities. The estimated values of the plasma frequency at 10 K are 4.8×10 3 cm −1 for YbIG and 5.7 × 10 3 cm −1 for LIG, which correspond to small carrier densities n ≈ 2.6 × 10 20 (m*/m e ) cm −3 for YbIG and ≈ 3.6 × 10 20 (m*/m e ) cm −3 for LIG, where m* is the effective mass and m e is the electron rest mass. Furthermore, the low-frequency spectral weight is suppressed with decreasing temperature, leading to the formation of a gap-like structure with an energy scale of about 1000 cm −1 for both compounds. We note that the values of n estimated from the optical conductivity data at 10 K are one order of magnitude smaller than those obtained from the Hall effect measurements at low temperatures ( Fig. 2(b) and (c)). This discrepancy reflects the combination of the strong dependence of n on m*, with the latter being expected to be enhanced in YbIG as evidenced by the large C p /T value towards zero temperature (see Fig. 4 (a)), and the use of a simple single-band model for estimating n from the Hall effect measurements. Still, both types of measurements point to the dilute-carrier nature of YbIG and LIG.
In order to substantiate this conclusion, we have performed the density-functional theory (DFT) calculations, focusing on LIG, where the absence of f -electron bands near the Fermi level allows to better understand the underlying mechanism for low carrier density. Shown in Fig. 3(a) is the band structure plotted along highsymmetry lines in the Brillouin zone, from which it follows that there are a total of 5 pseudo-spin degenerate bands that cross the Fermi level. Of these 5 bands, the most significant ones are two hole-like bands and one electron-like band, whereas the remaining two electronlike bands form tiny electron pockets near the M point and contribute very little to the carrier density (see Fig. 3(a) ). The individual band carrier densities are summarized in Table S1 in the Supplementary Information, with the total carrier density equal 1.91 × 10 21 cm −3 . This value matches well with the density inferred from the optical conductivity, provided the average effective mass m * ≈ 5m e . Calculations of the effective masses from DFT are unavailable, given the multiple bands and their non-parabolic nature near the Fermi level. Nevertheless, the semi-quantitative agreement with the optical data is encouraging. Within the DFT framework, we find that LIG is a fully compensated semimetal, with the equal total number of electron-like and hole-like carriers. The band structure contains a nearly flat band close to the Γ point, which nearly touches the Fermi level. This band contributes to a van Hove singularity in the density of states (DOS), at ≈ 4 meV below the chemical potential, as shown in Fig. 3(b) . This finding indicates that LIG should be very sensitive to hole doping; the DOS at the Fermi level could be increased by about 50% if the chemical potential were shifted to coincide with the van Hove peak. Such a substantial enhancement of the DOS signals that this system may have a propensity towards magnetic ordering, based on a Stoner criterion-type argument. We have so far demonstrated the low-carrier-density properties of YbIG and LIG, and turn next to the magnetic properties of YbIG. Given the low single-ion Kondo temperature T K ≈ 3.5 K for YbIG, which is estimated from the magnetic entropy, i.e., S mag (0.5 T K ) = 0.4 Rln2 (inset of Fig. 4(a) ), above T = 50 K YbIG can be regarded as a local-moment system. Indeed an effective moment µ Fig. 4(b) ).
The fit results in a Weiss temperature θ W = −18 K, suggesting antiferromagnetic correlations. Upon further cooling, these antiferromagnetic correlations result in a phase transition-like feature at T * mag = 0.9 K as seen from the peaks in M/H (circles, left axis) and C p /T (squares, right axis) shown in Fig. 4(a) . However, the magnetism appears to be very fragile, as indicated by the neutron diffraction and muon spin relaxation (µSR) measurements. While neutron diffraction measurements (not shown) clearly observe the diffraction pattern of the crystal structure, no magnetic peaks were found down to 80 mK . This might reflect the fact that the ordered moment of YbIG below T * mag is smaller than the neutron diffraction resolution limit. For this reason, we turned to µSR measurements on YbIG from 2 K down to 0.1 K. As the sample is cooled below T * mag there are no spontaneous oscillations in the decay asymmetry. However, there is a continuous evolution in the asymmetry that is well described by a stretched exponential, where both the relaxation rate and the stretching parameter increase monotonically down to the lowest measured temperature (Supplementary Figure S3) . The increase in the relaxation rate indicates a continuous slowing of the Yb 3+ spin fluctuations. Thus, it is clear that the T * mag feature has a magnetic origin, albeit fragile. At a first glance, the sister compound Ce 3 Co 4 Sn 13 might appear synonymous with YbIG: specific heat measurements reveal a broad peak at 0.8 K in Ce 3 Co 4 Sn 13 [22, 23] below which elastic neutron scattering data do not show signs of longrange magnetic order [24] , even though inelastic neutron scattering data reveal antiferromagnetic correlations below 15 K [25] . However, the electrical resistivity data on polycrystalline and single crystalline Ce 3 Co 4 Sn 13 show sample dependence [23, 26, 27] , and the infrared spectroscopy study on the single crystalline sample indicates good metallic response [28] , unlike the present evidence for low carrier semimetallic behavior in YbIG and its non-magnetic analogue LIG. Therefore, the comparison of fragile magnetism in YbIG and Ce 3 Co 4 Sn 13 seems not appropriate, given their substantive differences in the underlying electronic properties.
While LIG itself does not involve any f -electron physics, this non-magnetic compound provides an opportunity to explore the magnetism of YbIG through the solid solution from YbIG to LIG: increasing x in (Yb 1−x Lu x ) 3 Ir 4 Ge 13 (YLIG) gradually reduces T * mag and gives rise to nFL-like behavior when the magnetic correlations are suppressed at the critical composition x c = 0.6, as shown in Fig. 5 . The broad feature around 40 K in the magnetic resistivity ρ mag = ρ(YbIG) − ρ(LIG) due to Kondo scattering gradually vanishes with x ( Fig. 5(a) ). At x c = 0.6, ρ mag diverges logarithmically down to the lowest measured temperature, and the divergence persists, even for x > x c . Because of the underlying semimetal character, this cannot be directly compared with metallic HFs near quantum critical points (QCPs), where the dependence of ρ ∼ T α with α < 2 is found [4, 29] . The magnetic susceptibility M/H and the magnetic specific heat, C mag /T = C/T (YbIG) − C/T (LIG), both diverge at x = x c upon cooling, as shown in Fig. 5 (b) and (c), respectively. From C p /T , dρ/dT , and d(M T )/dT we summarized T * mag values as a function of the Lu concentration in YLIG, as shown in Fig. 5 (d) . The trend of the T * mag line is akin to the phase boundary of the generic phase diagram with a quantum phase transition, where the antiferromagnetic transition is continuously tuned to a QCP by a non-thermal control parameter [4, 29] . In addition, the divergent behavior of M/H and C mag /T at x = x c in YLIG is in line with that found in other Yb-based systems close to the QCP [30, 31] . These comparisons indicate a potential QCP in YbIG with nonmagnetic Lu doping. However, this can only be confirmed once the ground state can unequivocally be identified as long range magnetic order, which is the subject of ongoing investigation with NMR and transverse field µSR.
The crystallographic details of YbIG become even more relevant in light of a recent theoretical model aimed at describing exactly the dilute-carrier Kondo limit in a honeycomb lattice [18] . Kondo-insulating behavior is ordinarily discussed in the case where the background conduction electrons are close to half-filling (i.e. one electron per f -electron site on average). YbIG belongs to the regime where the conduction electrons have low-carrier densities. Given the even number of Yb atoms (fortyeight) in one unit cell (inset of Fig. 1(a) , and Supplementary Information), YbIG has the structural framework for which to employ the even-site-per-unit-cell Kondo-lattice model in the dilute-carrier limit. Recent theoretical studies of such a model have shown that the Kondo effect in this regime gives rise to semimetallic behavior [18] . Although the theoretical model describes a different space symmetry than the tetragonal crystal system observed here, the essential physics of even-site low carrier framework is unambiguously the same. The ρ(T ) behavior we have observed in the low-temperature regime of YbIG is compatible with this mechanism. At the same time, the RKKY interaction in this regime is expected to be long-ranged and, thus, inherently frustrated. This renders the fragile magnetism we have observed in YbIG a rather natural consequence. As such, our work has not only discovered an entirely new regime of Kondo effect and magnetic correlations in YbIG, but also revealed how such effects can be tuned through the Lu-for-Yb substitution in YLIG, leading to singular nFL-like properties.
In summary, YbIG is a new low-carrier Kondo system and displays fragile magnetism. The complex intertwinement of low-carrier character, magnetism and quantum fluctuations in YLIG opens up an entirely new venue to explore the strong correlation effects in a semimetallic environment.
Single crystals of (Yb 1−x Lu x ) 3 Ir 4 Ge 13 (x = 0, 0.2, 0.4, 0.5, 0.55, 0.6, 0.7, 0.8, and 1) were prepared using a Ge self-flux method [32] . Powder and single crystal X-ray diffraction data were collected and analyzed as described elsewhere [32] . We confirmed that (Yb 1−x Lu x ) 3 Ir 4 Ge 13 adopts the Yb 3 Rh 4 Sn 13 structure type. Disorder of the Ge polyhedra in this structure type can lead to site splitting, indicating a significant distortion in the true structure that has proven difficult to elucidate. Nonetheless, the structure can typically be solved using the cubic space group P m3n. However, this model does not account for weak reflections caused by disorder of the germanium polyhedra [32] [33] [34] [35] [36] [37] . Indexing these reflections has led to numerous models in different space groups, including the noncentrosymmetric space groups Cc, I 2 1 3 and I 4 1 32 [34] [35] [36] .
Electrical transport, optical conductivity, magnetization, and specific heat measurements
The temperature-dependent AC resistivity of barshaped crystals was collected in the Quantum Design (QD) Physical Properties Measurement System (PPMS), with current i a. To measure the Hall coefficient, we applied magnetic field perpendicular to the a axis and measured the transverse voltage. Reverse field was applied to cancel out longitudinal magnetoresistance contributions due to misalignment. The optical reflectance measurements were performed on Bruker IFS 113v and 80v spectrometers in the frequency range from 30 to 45,000 cm −1 . An in-situ gold and aluminum overcoating technique was used to obtain the reflectance R opt (ω). The real part of conductivity σ 1 (ω) is obtained by the Kramers-Kronig transformation of R opt (ω). The Hagen-Rubens relation was used for low frequency extrapolation; at the high frequency side a ω −1 relation was used up to 300,000 cm −1 , above which ω −4 was applied. DC magnetic susceptibility was measured in a QD Magnetic Properties Measurement System (MPMS) with a 3 He insert. Specific heat was collected in a QD PPMS with a 3 He insert using a thermal relaxation method.
Neutron diffraction and µSR measurements
Neutron diffraction experiments were carried out on the BT-7 triple-axis spectrometer [38] and the BT-1 high resolution powder diffractometer at NIST Center for Neutron Research (NCNR), Gaithersburg, Maryland. The samples were put into an annulus configuration to reduce the neutron absorption. Muon spin relaxation (µSR) measurements were performed on the M15 beam line at the TRIUMF laboratory. The advantage of this technique is that muons are extremely sensitive to their local magnetic environment [39] . A small 10 G longitudinal field was applied to decouple any relaxation from static nuclear dipoles. A polycrystalline sample of Yb 3 Ir 4 Ge 13 was affixed directly to the dilution refrigerator's silver cold finger using Apiezon N-grease. The muons that land outside the sample (in the silver sample holder or the cryostat tails) produce a temperature independent contribution to the asymmetry. This temperature independent component has been fitted and subtracted from the data, leaving only the asymmetry arising from muons that land in the sample. The data were fit using the µSRfit software package [40] .
Band structure calculation
Electronic band structure calculations were performed using the DFT method with the linearized augmented plane-waves (LAPW) as a basis, as implemented in the WIEN2K code [41] . The generalized gradient approximation (GGA) was used to account for the exchange and correlations [42] .
For more details, see Supplementary Information.
SUPPLEMENTARY INFORMATION
In the present study, we have observed similarly weak reflections in X-ray diffraction pattern indicating that a distorted structure may be present for all analogues (see asterisks in Supplementary Figure S1(a) ). This is evident as weak, unindexed reflections when using the cubic P m3n cell are present in both powder and singlecrystal X-ray diffraction experiments. In the case of Lu 3 Ir 4 Ge 13 , a tetragonal unit cell with the cell dimensions a = 17.7674(11)Å and c =17.8229(13)Å and space group I4 1 /amd account for the weaker reflections and peak splitting of major reflections (Fig. S1(b) Supplementary Figure S2 shows the low-temperature data of Lu 3 Ir 4 Ge 13 to demonstrate its superconductivity with a transition temperature of 1.4 K. The dimensionless ∆C e /γT c = 1.11 suggests that the superconductivity of Lu 3 Ir 4 Ge 13 is in the weak coupling regime. From the resistivity ρ(T ) plot in different fields, we determine the values of T on c below which ρ deviates from its normal-state value (dashed line in Fig. S2(c) ). The critical field µ 0 H c2 vs. T on c plot is shown in Fig. S2(d) where µ 0 H c2 (T on c ) can be well described by the conventional Werthamer-Helfand-Hohenberg (WHH) theory, implying BCS-like superconductivity in Lu 3 Ir 4 Ge 13 .
Several representative muon polarization spectra are presented in the inset of Supplementary Figure S3 . The data have been fit with a phenomenological stretched exponential function, P z(t) = exp(−λt) β , where λ is the relaxation rate and β is the stretching parameter. The temperature dependence of the fitted parameters λ and β is presented in Fig. S3 . Above T * mag , the stretching parameter is close to β = 1 and the relaxation rate is relatively small, less than 0.5 µs −1 . As the sample is cooled below T * mag , both the relaxation rate and the stretching parameter increase monotonically down to the lowest measured temperature, 0.1 K. The fact that β ≈ 2 at 0.1 K indicates the most of the moments are static. The increase in the relaxation rate indicates a continuous slowing of the Yb 3+ spin fluctuations or appearance of static magnetism. Thus, it is clear that the T * mag anomaly has a magnetic origin. There is no oscillatory component to the muon polarization spectra, which when present, is the unambiguous signature of static long-range magnetic order. However, an absence of oscillations does not preclude long-range magnetic order. field is extremely large or when the field distribution is broad or inhomogeneous [39] . The first of these scenarios is likely not applicable in this case, as no ordered moment could be resolved with neutron diffraction, indicating that the internal fields would likely be relatively small. It is also possible that the magnetic state below T * mag is characterized by random or short-range magnetic order, as has been seen in a number of HF systems [48] .
In order to help elucidate the transport properties of Lu 3 Ir 4 Ge 13 , electronic band structure calculations were performed using the DFT method with the linearized augmented plane-waves (LAPW) as a basis, as implemented in the WIEN2K code [41] . The generalized gradient approximation (GGA) was used to account for the exchange and correlations [42] . We used a 20 × 20 × 20 k-point grid to sample the full Brillouin zone. The carrier densities arising from each of the partially occupied bands crossing the Fermi level are reported in Table S1 . The total electron and hole pocket densities are equal to each other, constituting a fully compensated metal. The combined carrier density is found to be 1. 
